Edited by Ruma Banerjee Nitrogenase reduces dinitrogen (N 2 ) to ammonia in biological nitrogen fixation. The nitrogenase Fe protein cycle involves a transient association between the reduced, MgATP-bound Fe protein and the MoFe protein and includes electron transfer, ATP hydrolysis, release of P i , and dissociation of the oxidized, MgADP-bound Fe protein from the MoFe protein. The cycle is completed by reduction of oxidized Fe protein and nucleotide exchange. Recently, a kinetic study of the nitrogenase Fe protein cycle involving the physiological reductant flavodoxin reported a major revision of the rate-limiting step from MoFe protein and Fe protein dissociation to release of P i . Because the Fe protein cannot interact with flavodoxin and the MoFe protein simultaneously, knowledge of the interactions between flavodoxin and the different nucleotide states of the Fe protein is critically important for understanding the Fe protein cycle. Here we used time-resolved limited proteolysis and chemical cross-linking to examine nucleotide-induced structural changes in the Fe protein and their effects on interactions with flavodoxin. Differences in proteolytic cleavage patterns and chemical cross-linking patterns were consistent with known nucleotide-induced structural differences in the Fe protein and indicated that MgATP-bound Fe protein resembles the structure of the Fe protein in the stabilized nitrogenase complex structures. Docking models and cross-linking patterns between the Fe protein and flavodoxin revealed that the MgADP-bound state of the Fe protein has the most complementary docking interface with flavodoxin compared with the MgATP-bound state. Together, these findings provide new insights into the control mechanisms in protein-protein interactions during the Fe protein cycle.
Nitrogenase is the enzyme that reduces dinitrogen (N 2 ) to ammonia (NH 3 ) in a process known as biological nitrogen fix-ation (1) (2) (3) . The MoFe protein and the Fe protein are the two catalytic components of the molybdenum-dependent nitrogenase found in diazotrophs, such as Azotobacter vinelandii (4) . The MoFe protein is a ␣ 2 ␤ 2 heterotetramer, where each ␣␤ unit contains two unique metal clusters: the [8Fe-7S] P cluster, which is involved in electron transfer to the [7Fe-9S-Mo-Chomocitrate] FeMo-cofactor at the active site (5) (6) (7) (8) (9) .
The Fe protein is a member of a large class of proteins that couple nucleoside triphosphate (ATP or GTP) binding and hydrolysis to protein conformational changes that are transduced within a macromolecular protein complex (10 -13) . Two sets of consensus amino acid sequence motifs, called the Walker A (GXXXXGKS) and Walker B motifs (DXXG), located along the nucleotide-binding regions, are used to identify members within this class (10, 11, 14 -16) . A unique feature that distinguishes the nitrogenase Fe protein is that it exists as a homodimer, where a [4Fe-4S] cluster bridges the two identical subunits with a Walker A motif (also known as the phosphatebinding loop or P-loop) and Walker B motif present in each subunit (10, 11, 13-15, 17, 18) .
The Fe protein cycle involves transient association between the reduced, MgATP-bound Fe protein with each ␣␤ half of the MoFe protein to deliver one electron to the MoFe protein (19 -21) . Complex formation between the MoFe protein and the Fe protein is followed by a conformationally gated one-electron transfer from the P cluster to the FeMo cofactor (22, 23) . The reduced Fe protein then transfers one electron from its [4Fe-4S] cluster to the oxidized P cluster (P ϩ1 ) in what has been described as a "deficit-spending" electron transfer process (5) . Hydrolysis of MgATP to MgADP and P i occurs after the electron transfer, and the dissociation of the oxidized, MgADPbound Fe protein from the MoFe protein occurs after the release of two P i molecules (24) . Nucleotide exchange and rereduction of the oxidized nucleotide-bound Fe protein must occur before another cycle of catalysis can begin. The order of events for re-reduction of the oxidized nucleotide-bound Fe protein and nucleotide exchange of MgADP for MgATP has not been established (24 -27) .
Recently, it was determined that, with the physiological reductant flavodoxin (Fld), 3 the rate-limiting step in the Fe pro-tein cycle is actually the release of the two P i molecules and not the dissociation of the MoFe protein from the Fe protein, as shown previously using the chemical reductant sodium dithionite (25) . It was implicated that Fld binds to the same face of the Fe protein that interacts with the MoFe protein and verified that Fld cannot reduce the Fe protein while it is in complex with the MoFe protein (25) .
The conformation of the Fe protein is modulated by nucleotide-dependent conformational differences in the MgATPand MgADP-bound states (28 -31) . The structures of the nucleotide-free and MgADP-bound states of the Fe protein are known (13, 15) , but the structure of the MgATP state has remained elusive. Circular dichroism, 1 H NMR and EPR spectroscopic studies have shown that regions of the Fe protein undergo significant conformational changes during nucleotide binding and that the MgADP and MgATP states are conformationally distinct (28 -31) . Although the structure of the MgATP-bound state of the Fe protein is unknown, there are several structures of the Fe protein-MoFe protein complex in which the Fe protein structure from these complexes is significantly distinct from the structure of the free MgADP-bound state (32) . The majority of the conformational difference in the Fe protein structures observed in the complexes, relative to the MgADP-bound Fe protein conformation, is a rigid body reorientation of the subunits with respect to one another ( Fig. 1, A  and B) (32) . The most notable changes are associated with alternative sets of inter-and intrasubunit salt bridges and different conformations of the nucleotide-dependent switch regions (switch I and II) and the P-loop (15, 17, 32) . These key regions transduce conformational changes between the nucleotidebinding site and both the MoFe protein docking interface (switch I) and the [4Fe-4S] cluster (switch II) ( Fig. 1C ). It is attractive to consider that the MgATP-bound state of the Fe protein resembles the structure of the Fe protein observed in the stabilized nitrogenase Fe protein-MoFe protein complex ( Fig. 1 ). This would establish a catalytic cycle in which conformational gating dictates that the MgATP-bound Fe protein is more complementary with the MoFe protein docking interface, whereas the MgADP-bound Fe protein is more complementary with the Fld docking interface.
In this work, time-resolved limited proteolysis and chemical cross-linking in combination with LC-MS and MALDI-TOF mass spectrometry are used to gain insight into differences between the MgADP-and MgATP-bound conformations of the Fe protein. This then allows for investigation of protein regions involved in complex formation with Fld. Time-resolved limited proteolysis allows the identification of proteolytic cleavage sites that become more dynamic because of conformational differences and protein-protein interactions (33, 34) . Additionally, covalent cross-linking followed by mass analysis of proteolyzed peptides allows protein domains in close proximity to be identified based on the ability of a short chemical linker to bridge side chains. Chemical cross-linking and proteolysis patterns are consistent with the conformation of the Fe protein observed in the stabilized nitrogenase complex being the best structural mimic for the MgATP-bound state of the Fe protein in solution. In silico docking models and chemical cross-linking data show that more complementary docking interactions occur between Fld and the MgADP-bound Fe protein compared with the MgATP-bound Fe protein conformation. The results reveal that the nucleotide state of the Fe protein influences interactions with Fld and suggest mechanisms for control of protein-protein interactions during the Fe protein cycle.
Results and discussion

Distinguishing the Fe protein in different nucleotide-bound states
Time-resolved limited proteolysis and chemical cross-linking experiments were used to examine differences in Fe protein nucleotide-dependent conformational states and probe the hypothesis that the structural conformation of the MgATPbound Fe protein resembles the Fe protein in the nitrogenase complex structures (32) . A series of trypsin proteolysis reactions of the Fe protein with and without nucleotides produced a distinct banding pattern over the course of a 240-min reaction ( Fig. 2A) . The proteolysis pattern for the MgADP-bound Fe protein and nucleotide-free Fe protein are similar in that there is still some intact Fe protein after 240 min ( Fig. 2A ). The main difference between these two forms is in the gradual appearance of a band at 20 kDa over the course of proteolysis ( Fig. 2A) . Mass spectrometry analysis indicates that this 20-kDa band is a C-terminal fragment arising from cleavage at Arg 100 of the Fe protein ( Fig. 2B ). 
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Mapping of the tryptic peptides from the digestion of the nucleotide-free and MgADP-bound states of Fe protein produced nearly identical patterns, indicating that they adopt similar conformations in solution. This is consistent with nucleotide-free and MgADP-bound Fe protein crystal structures (13, 15) . The proteolysis pattern was strikingly different for the MgATP-bound state of the Fe protein compared with the MgADP-bound state. The MgATP-bound Fe protein is more susceptible to proteolysis, as the intact protein band is no longer present after 60 min of digestion ( Fig. 2A ). In addition, the 20-kDa C-terminal Fe protein band appears at a faster rate. This indicates that the region around Arg 100 , near the [4Fe-4S] cluster, is more exposed, increasing susceptibility to proteolysis. Furthermore, cleavage in the switch I region (Glu 59 -Asp 69 , Fig.  2B , green) is observed after only 5 min, whereas it does not appear in the MgADP-bound state until 20 min. Fe protein tryptic peptides identified in time-resolved limited proteolysis experiments with highlighted peptides that change because of the presence of nucleotides are listed in supplemental Table S1 . Furthermore, representative MALDI-TOF mass spectra for digestion of the Fe protein (supplemental Fig. S1 ) are shown to supplement peptide identification.
There are also differences in cross-linking patterns for the nucleotide-bound Fe protein (Fig. 2C ). In general, the MgATPbound Fe protein cross-links more readily than the MgADPbound state. This is evidenced by more extensive band broadening because of an increase in both intersubunit cross-links (above 50 kDa) between the Fe protein subunits and intrasubunit cross-links (around 32 kDa) within Fe protein monomers (Fig. 2C ). Mapping of the peptides that were cross-linked confirm this, where cross-linking in the P-loop region only occurs in the MgATP-bound state, and may suggest that the Fe protein subunits are in closer proximity, as documented in previous reports (32) . Fe protein tryptic and non-tryptic peptides observed to appear and disappear during the chemical crosslinking experiments with highlighted peptides that change because of the presence of nucleotides are listed in supplemental Table S2 .
The increased diversity of cross-links together with increased proteolytic susceptibility of MgATP-bound Fe protein compared with the MgADP-bound state indicates that the conformations are distinct. Compared with the MgADP-bound Fe protein structure, the Fe protein in the nitrogenase complexes displays a more closed dimer interface in which part of the switch I region as well as the protein region around the [4Fe-4S] cluster form the docking site for the MoFe protein ( Fig. 1B ) (32) . The increased proteolytic susceptibility of switch I (Fig.  2D , green) and cleavage of Arg 100 , near the [4Fe-4S] cluster, as well as increased cross-linking in the P-loop region (Fig. 2D , red) all suggest a MgATP-bound state that resembles the conformation of the Fe protein observed in the stabilized nitrogenase complex structures (32) .
Defining Fe protein-flavodoxin interactions
In silico docking studies using ClusPro 2.0 show that the MgADP-bound structure of the Fe protein has a more complementary docking interface with Fld compared with the MgATP-bound Fe protein ( Fig. 3) (25) . A distance of 6.4 Å between the [4Fe-4S] cluster of the Fe protein and FMN cofactor of Fld was measured for the docking model between the MgADP-bound Fe protein with Fld ( Fig. 3A) . For the docking model between Fld and the Fe protein from the nitrogenase complexes, the distance between the cofactors was determined to be 9.4 Å, a 3 Å larger distance between the [4Fe-4S] cluster of the Fe protein and FMN cofactor of Fld ( Fig. 3B ) than observed for the MgADP-bound state docked to Fld. Furthermore, the solvent-excluded surface area for the docking model between the MgADP-bound Fe protein and Fld was calculated in Chimera to be 1128 Å 2 compared with 456 Å 2 for the docking model between the MgATP-bound Fe protein and Fld, translating to 2.5 times more buried surface area with the MgADPbound state than the MgATP-bound state. Previously, electro- 
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static interactions were implicated in Fe protein interactions with the MoFe protein and Fld (25, 35, 36) . Fe protein residues Arg 100 and Arg 140 , implicated previously in Fe protein-MoFe protein interactions (35, 36) , are also key in Fe protein-Fld interactions. In our docking model with the MgADP-bound Fe protein, Arg 100 from one subunit interacts with the phosphate moiety of the FMN cofactor, and the other Arg 100 from the second subunit forms a salt bridge with Glu 104 (Fig. 3C ). Additionally, Arg 140 from both subunits forms individual salt bridge interactions with the Fld acidic residues Asp 154 and Glu 59 (Fig.  3C ). There are fewer complementary electrostatic interactions observed with the MgATP-bound Fe protein and Fld (Fig. 3D) . Arg 100 interacts with Glu 61 of Fld on one subunit and with both Fld acidic residues, Asp 68 and Glu 70 , on the other subunit ( Fig.  3D ). Arg 140 , however, is positioned so that salt bridge interactions are not observed with any Fld acidic residues (Fig. 3D) . Together, the differences in distances between the FeS cluster and the FMN cofactor, the buried solvent-excluded surface area, and the extent of electrostatic interactions indicate that MgADP-bound Fe protein shows the most complementary binding interface with Fld.
Mapping Fe protein-Fld interactions
The nature of MgATP-bound Fe protein and MgADP-bound Fe protein interactions with Fld was further probed using timeresolved limited proteolysis ( Fig. 4) and chemical cross-linking experiments (Fig. 5) . Interestingly, the MgADP-bound Fe pro-tein was more susceptible to proteolysis in the presence of Fld than when digested alone ( Figs. 2A and 4A ). This was confirmed by cleavage that mapped to part of the switch I region (Fig. 4B , green) and appeared in the earliest time point for the digestion of the MgADP-bound Fe protein with Fld. This region was not observed until 20 min in the digestion of the MgADP-bound Fe protein alone ( Fig. 2A) . However, the significantly higher degree of proteolytic susceptibility of the MgATP-bound Fe protein relative to the MgADP-bound Fe protein suggests that the MgADP-bound state forms a more productive complex with Fld (Fig. 4A ). This is a key difference and supports the docking models, which suggest that the MgATP-bound Fe protein docking interface is not as complementary for interactions with Fld compared with the MgADP-bound state. The limited proteolysis mapping verify this by comparing the digestion of Fld alone versus in the presence of the nucleotide-bound Fe protein to distinguish different Fe protein-Fld interaction sites. Digestion of purified Fld alone leads to cleavage in regions at the Fe protein-Fld interaction site near the FMN cofactor, producing Ala 1 -Arg 15 (Fig. 4C, orange) , Thr 90 -Arg 120 (Fig. 4C, cyan) , and Phe 146 -Arg 163 (Fig. 4C, magenta) . All three Fld tryptic cleavage sites are protected from proteolysis in the MgADPbound Fe protein, indicating that these regions are involved in Fe protein-Fld interactions. The Arg 15 cleavage site (Fig. 4C,  orange) was not protected in the presence of the MgATPbound Fe protein, which is consistent with the MgATP-bound 
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Fe protein having a less complementary docking site with Fld. Fld and the Fe protein tryptic peptides identified in the timeresolved limited proteolysis experiments with highlighted peptides that change because of complex formation and/or the presence of nucleotides are listed in supplemental Table S1 . Representative MALDI-TOF mass spectra are also shown for the digestion of Fld (supplemental Fig. S2 ) to further support peptide identification.
A final chemical cross-linking experiment was completed on the Fe protein-Fld complex with and without nucleotides. The presence of a sharper band above 50 kDa in the MgADP-bound state relative to the MgATP-bound state suggests that, in the presence of MgADP, a complex is formed more effectively (Fig.  5A ) and is consistent with the docking studies. For both nucleotide-bound states, the observed cross-linking suggests interactions near the [4Fe-4S] cluster of the Fe protein (Fig. 5, B and C, cyan) and FMN cofactor of Fld (Thr 90 -Lys 123 ; Fig. 5, B and C,  cyan) , consistent with the docking models. Mapping shows cross-linking in the P-loops and both switch I regions only with MgATP (Fig. 5C ). However, with MgADP, another Fe protein domain involved in interactions with Fld around Lys 170 (Fig. 5B,  blue) is observed. In the MgADP-bound state, the side chains of Lys 170 of both Fe protein subunits interact with Fld (Fig. 5D) , whereas, in the MgATP-bound state, only one Lys 170 side chain interacts with Fld (Fig. 5D ). Therefore, mapping of proteolytic fragments identified more protein regions that are cross-linked between the MgADP-bound Fe protein and Fld. This is in agreement with the docking models and proteolysis patterns showing that the MgADP-bound state has a more complementary docking interface with Fld than the MgATP-bound state. Fld and the Fe protein tryptic and non-tryptic peptides observed to appear and disappear during chemical cross-linking experiments with highlighted peptides that change because of complex formation and/or the presence of nucleotides are listed in supplemental Table S2 .
Conclusions
It has been reported that Fld, as a reductant, stimulates the reaction rate of the Fe protein cycle by ϳ2-fold compared with sodium dithionite (25) . This is consistent with the increased dissociation rate between the MgADP-bound Fe protein and MoFe protein (Ͼ760 s Ϫ1 ), rapid re-reduction of the nucleotidebound Fe protein (Ͼ1200 s Ϫ1 ), and fast nucleotide exchange (70 s Ϫ1 ) compared with the relatively slow rate for release of P i (25-27 s Ϫ1 ) with Fld as the source of reductant (25, 37) . However, the rate of reduction for the oxidized Fe protein by Fld is fast regardless of which nucleotide is bound, and the oxidized Fe protein has similar affinities for both nucleotides (25, 38) . These factors make it difficult to distinguish between the order of re-reduction for the Fe protein and nucleotide exchange for the final steps in the Fe protein cycle. A key result is that reduction of the MgADP-bound Fe protein, while bound to the MoFe protein, is very slow, indicating that dissociation is obligatory for reduction to occur with Fld (25, 39) . This is important because it indicates that interactions between Fld, the nucleotide-bound Fe protein, and the MoFe protein are intrinsically controlled. Limited proteolysis and cross-linking patterns in combination with the docking models can be used to differentiate further patterns of control of interactions between the nucleotide-bound Fe protein and Fld. The decrease in observed 
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MgATP-bound Fe protein would be free to transiently associate with the MoFe protein, directing the flow of electron transfer toward substrate reduction. From this, a rational model of the Fe protein cycle can be proposed, where the MgATP-bound Fe protein delivers an electron to the MoFe protein, followed by MgATP hydrolysis, release of P i , and complex dissociation between the MgADP-bound Fe protein and MoFe protein (Fig. 6 ). Fld then delivers an electron to the MgADP-bound Fe protein, followed by nucleotide exchange for MgATP to end the Fe protein cycle. This model is consistent with reports that demonstrate that re-reduction of the Fe protein should occur before nucleotide exchange because of the rapid re-reduction rate of the nucleotidebound Fe protein by Fld ( Fig. 6) (25, 37, 40) . These results provide a deeper mechanistic understanding of the Fe protein cycle.
Experimental procedures
General procedures
Argon and dinitrogen gases were passed through an activated copper catalyst to remove dioxygen contamination prior to use.
Proteins and buffers were handled anaerobically in septum-sealed serum vials under an inert atmosphere (argon) on a Schlenk vacuum line or in an anaerobic glove box (Teledyne Analytical Instruments, MO-10-M, Hudson, NH). The transfers of gases and liquids were done with gastight syringes.
Purification of Fe protein and Fld from A. vinelandii
Growth, expression, and purification for both the Fe protein and Fld were carried out as described previously (25, 41) .
Time-resolved limited proteolysis of Fe protein and Fld
Time-resolved limited proteolysis of Fld and Fe protein was carried out as described previously using a 1:1 ratio of Fe protein:Fld and a 1:1000 ratio of trypsin (Promega) to total protein (25) . All reactions were carried out in sealed vials under an argon atmosphere to maintain anaerobic conditions. Samples were taken at 0, 5, 10, 20, 40, 60, and 240 min and quenched with 10% formic acid (Sigma). MgATP and MgADP were at final 
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concentrations of 10 mM. Proteolysis reactions with MgATP were quenched by boiling the reactions for 5 min at 95°C to avoid protein precipitation. Proteolysis patterns were analyzed by SDS-PAGE (4 -20% linear gradient gel, Bio-Rad) and stained with Coomassie Brilliant Blue (Thermo Fisher). Tryptic peptides were identified with a maXis Impact QTOF instrument (Bruker Daltonics) interfaced with Dionex 3000 nano-HPLC (Thermo Fisher) and Autoflex III MALDI-TOF/TOF (Bruker Daltonics) mass spectrometers as described previously (25) . Identification and mapping of the observed proteolytic cleavage sites were carried out using the Protein Analysis Worksheet (PAWS) software package (ProteoMetrics, LLC) and Peptide Shaker, as described previously (25) . Identified limited proteolysis tryptic peptides for the Fe protein and Fld are listed in supplemental Table S1 . Tryptic peptides with a confidence score reported by Peptide Shaker of Ն95% were considered for analysis. Representative MALDI-TOF spectra for Fe protein and Fld tryptic peptides are shown in supplemental Figs. S1 and S2.
In silico docking study between Fld and the Fe protein in its different nucleotide states
In silico protein-protein docking simulations were performed using the computational docking program ClusPro 2.0 to derive the structural models as described previously (25) . Fe protein and Fld (flavodoxin II, PDB code 1YOB) were used in each case as the ligand and the Fe protein in three states: nucleotide-free (PDB code 2NIP), MgADP-bound (PDB code 1FP6), and nitrogenase complex stabilized with MgAMPPCP (PDB code 4WZB) were used as the respective receptors. The difference in molecular surface (solvent-excluded surface) between MgATP/MgADP-bound Fe protein alone and in complex with flavodoxin was calculated in Chimera, implementing the Lee-Richards molecular surface definition (42) , using a water molecule as a probe of a radius of 1.4 Å.
Chemical cross-linking
Chemical cross-linking and LC-MS analysis were performed as described previously (25) . Briefly, Fe protein at 20 M concentration was exposed to 10 mM MgATP (Sigma) or MgADP (Sigma), mixed with Fld in a 1:1 molar ratio, and immediately reacted with 10 mM glutaraldehyde (Sigma). Reactions were quenched with 100 mM Tris buffer (pH 8) after 10 min. All control reactions were set up in the same fashion. Cross-linked Fe protein samples were separated on SDS-PAGE (4 -20% linear gradient gel, Bio-Rad) and stained with Coomassie Brilliant Blue (Thermo Fisher). Protein bands of interest were excised from the gel and digested with a trypsin/chymotrypsin (Promega) mixture. Proteolyzed peptides were identified using a maXis Impact QTOF instrument (Bruker Daltonics) interfaced with a Dionex 3000 nano-HPLC (Thermo Fisher), followed by data analysis in Peptide Shaker. Identified cross-linking tryptic and non-tryptic peptides for the Fe protein and Fld are listed in supplemental Table S2 . Tryptic peptides with a confidence score reported by Peptide Shaker of Ն95% were considered for analysis. All reactions were carried out under strictly anaerobic conditions and in primary amine-free buffer at room temperature. 
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